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FOREWORD

An exploratory experimental and theoretical investigation of gaseous nuclear

rocket technology is being conducted by the United Aircraft Corporation Research

Laboratories under Contract NASw-847 with the joint ARC-NASA Space Nuclear Propulsion

Office. The Technical Supervisor of the Contract for NASA is Captain W. A. Yingling

(USAF). Results of the investigation conducted during the period between

September 153 1965 and September 15_ 1966 are described in the following six reports

(including the present report) which comprise the required fourth Interim Summary

Technical Report under the Contract:

lo Krascella 3 N. L.: Theoretical Investigation of the Absorptive Properties of

Small Particles and Heavy-Atom Cases. _A CR-693, 1967.

(Unclassified)

21 Kinney 3 R. B.: Theoretical Effect of Seed Opacity and Turbulence on Temperature

Distributions in the Propellant RegiOn of a Vortex-Stabillzed Gaseous Nuclear

Rocket (U). NASA CR-694, 1967. (Report classified Confidential)

. Kesten, A. S._ and N. L. Krascella: Theoretical Investigation of Radiant Heat

Transfer in the Fuel Region of a Gaseous Nuclear Rocket Engine. NASA CR-695,

1967. (Unclassified)

Roback_ R.: Theoretical Performance of Rocket Engines Using Gaseous Hydrogen

in the Ideal State at Stagnation Temperatures up to 20,000 R. NASA CR-696_ 1967.

(Unclassified) ..

1 Latham 3 T. S.: Nuclear Criticality Study of a Specific Vortex-Stabilized Gaseous

Nuclear Rocket Engine (U). NASA 0R-697, 1967. (Report classified Confidential)

(present report) '_ ....
%

McLafferty_ G. H., H. E. Bauer, and D. E. Sheldon: Preliminary Conceptual

Design Study of a Specific Vortex-Stabilized Gaseous Nuclear Rocket Engine (U).

NASA CR-698, 1967. (Report classified Confidential)

iii



vv_ __



. . : • .
I

Nuclear Criticality Study of a Specific Vortex-

Stabilized Gaseous Nuc!earRocket En$ine

TABLE OF CONTENTS

Page

SUMMARY ................................................................. 1

RESULTS ................................................................. 2

INTRODUCTION ............................................................ 3

STEPS IN NUCLEAR ANALYSIS ............................................... 4

ENGINE SPECIFICATIONSAND NUCLEAR CONFIGURATIONS ........................ 5

NEUTRON CROSS SECTIONS .................................................. 9

Treatment of Hot Hydrogen Scattering ............................... i0

Comparison of 2_-Group and 4-Group Cross Sections ......... •......... ii

RESULTS OF ONE-DIMENSIONAL DIFFUSION THEORY CALCULATIONS

2_-Gro_p Calculations .............................................. 12

14-Group Calculations .............................................. 13

RESULTS OF GO-DIMENSIONAL DIFFUSION TKEORY CALCUI_TIONS ................ 17

REFERENCES .............................................................. 21

LIST OF SYMBOLS ......................................................... 24

TABLES .................................................................. 26

FIGURES ................................................................. 42

V

f-



v _ _ _ -



• g @ 6 i • i @ • • • a• w

- o.': ;:, • o..
iV Ow_ _

Nuclear Criticality Study of a S_ecific Vortex-

Stabilized Gaseous Nuclear Rocket Engine

SUMMARY

An analytical study was conducted using one- and two-dimensional diffusion

theory to determine the critical mass requirements of a specific reference vortex-

stabilized gaseous nuclear rocket engine configuration having a cavity length and

diameter equal to 6 ft, a cavity liner composed of tubes made from W-184, and a

surrounding moderator region made of successive layers of beryllium, beryllium

oxide, graphite, and heavy water. The calculations made allowance for the following:

an annular passage leading from the cavity to the exhaust nozzles, a fuel-injection

duct passing through the moderator, voids and W-184 structure in the moderator, a

radial distribution of hydrogen temperature in the cavity, and a radial fuel density

distribution. In addition, the moderator was considered to be surrounded by layers

of natural tungsten and iron to simulate the external piping and pressure vessel.

The results of the calculations indicate that a critical mass of 50.1 lb of

U-233 fuel would be required for the reference engine design used in the present

study. This masy could be reduced by a decrease in the volume of the nozzle-

approach annulus, an increase in reflector-moderator mass, or a reduction in the

volume of neutron-absorbing structure within the cavity liner and reflector-

moderator. For instance, one-dimensional calculations indicate that the critical

mass could be reduced by approximately 40% by substitution of beryllium wall liner

tubes covered with niobium-carbide-coated graphite sleeves for the W-184 wall liner

tubes assumed in the study.

One-dlmensional calculations were performed to generate 4-group cross sections

for subsequent two-dimensional calculations and also to provide information on trends

in critical mass variation with variations in moderator void fractions, structure

fractions_ dimension of various regions, and selection of nuclear fuel. The two-

dimensional calculations provide critical mass estimates for configurations with

and without exhaust nozzles and fuel-injection duct, and with different amounts

of structure within the exhaust nozzle region.



RESULTS

l,

,

,

,

.

,

A critical mass of 50.1 ib of U-233 was determined for the specific reference

engine design considered in the study on the basis of two-dimensional calcula-

tions.

The critical mass of the reference engine design would be reduced by approxi-

mately 40% by elimination of W-184 from the cavity surface liner and moderator

regions on the basis of one-dimensional calculations.

Replacement of U-233 with U-235 or Pu-239 in the reference engine design would

result in an increase in critical mass by factors of 3.25 and 4.05, respectively,

on the basis of one-dimensional calculations.

A decrease in fuel radius and an increase in thickness of the cold hydrogen

layer near the cavity wall have compensating effects on requlred critical mass,

an important result when considering the stability of the radius of the fuel

region. For the reference engine, a decrease in fuel radius of one centimeter

results in an increase in critical mass of 0.5%, while an increase in the

thickness of the cool hydrogen layer of one centimeter results in a decrease

in critical mass of 2.8% on the basis of one-dimensional calculations.

Elimination of the exhaust nozzle approach annulus from the reference engine

design would reduce the critical mass by approximately 20_ on the basis of

two-dimensional calculations. Although the exhaust nozzle approach annulus

cannot be completely eliminated, its volume can be reduced with an accompanying

reduction in critical mass.

Elimination of the fuel injection duct from the reference engine design would

reduce critical mass by a;proximately 8% on the basis of simplified one-

dimensional calculations.

The critical mass of nuclear fuel indicated by one-dimensional calculations

for a 6-ft-diameter spherical cavity was approximately equal to that indicated

by two-dimensional calculations for an equivalent cylinder having a length and

diameter of 6 ft, whereas simplified theory for configurations with semi-

infinite reflectors indicates that the critical mass for the cylinder should

be 1.5 times that for the sphere.



--:...:.......

INTRODUC T I0N

Reference engine design studies for a specific vortex-stabilized gaseous

nuclear rocket were carried out at the Research Laboratories during fiscal year

1966. These studies took into consideration such factors as reflector-moderator

heat balance, required coolant voids, selection of materials for the cavity inner

liner and plumbing, manifolding and heat exchanger structures, selection of coolant

fluids, exhaust nozzle geometry, pressure vessel configuration, and over-all engine

weight. All of these factors interact with the nucleonics of the engine and affect

the critical mass required. The engine design work is reported in Ref. l_ while the

nuclear work on the reference engine design is reported herein.

Calculations of critical masses required in cavity reactors were reported

first in Refs. 2 and 3, and further work has been reported in Refs. 4 through 13 .

Experimental measurements of critical mass requirements for selected cavity reactor

configurations are reported in Refs. i4 and 15. In most instances, both the

analytical work and the experimental measurements were made for idealized spherical

cavities or for cylindrical configurations with length-to-diameter ratios of 1.0.

Moderator materials employed for these measurements and calculations were also

ideal (no voids for coolant or propellant passage and no structural materials) and

were graphite, beryllium oxlde, heavy water, or combinations of these three con-

taining little or no neutron poisons. However, some calculations and measurements

have been performed which include factors which should be considered in cavity

reactors for nuclear rocket applications. In particular_ calculations have been

made which include the effects on critical mass resulting from the addition of heat-

and pressure-resistant lining materials on the inner cavity wall (Refs. 6, i% and

13) and by the presence of an exhaust nozzle penetrating the reflector-moderator

(Refs. 7 and 8). In addition, experimental measurements have been made of the

effects of an exhaust nozzle penetrating the reflector-moderator of a heavy-water-

reflected cavity (Ref. 14). Additional calculations have been performed to esti-

mate the effects of hot hydrogen on the neutron spectra and critical masses for

cavity reactors (Ref. ii). The present study is the first attempt to calculate

critical mass requirements for a specific engine design which includes coolant

voids, plumbing structure, cavity lining material, exhaust nozzle holes penetrating

the reflector-moderator and pressure vessel, hot hydrogen, a specific fuel density

profile, and a fuel injection duct surrounded by a sleeve made of a strong neutron

poison to prevent excessive heating of the fuel and local moderator volume during

fuel injection.
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STEPS I}{ NUCLEAR ANALYSIS

The nuclear calculations proceeded in foum basic steps. Firstj engine con-

figurations were selected in both one- and two-dimensional geometry with materia!s_

material temperatumes_ and region dimensions chosen on the basis of the reference

engine design study. The selected configurations consisted of a spherical geometry

with a cavity of the same diameter as the cylindrical cavity in the reference engine

design, a cylindrical geometry with length equal to diameter but having neither an

exhaust nozzle port nor a fuel injection duct; and finally a cylindrical geometry

which approximated the geometry of the reference engine design and which included

both exhaust nozzle and fuel injection duct.

Secondly_ three sets of neutron cross sections were established. Since the

reference engine design contained reflector-moderator materials at different

temperatumes, hot hydrogen at a very high temperature between the cavity wall and

the fuel region, and a fuel region with a density profile which varied linearly

with radius_ it was necessary to start calculations with cross section libraries

containing 24 neutron energy groups. Of these 24 neutron energy groups, 14 were

in the thermal neutron energy range from 0 to 29 electron volts with both up- and

down-scattering probabilities within this range. The multi-thermal-group cross

sections in the 24-group set were used only in the spherical one-dimensional

cmlculations. A second set of flux and volume-weighted cross sections consisting

of 4 neutron energy groups were generated from the multi-thermal-group, one-

dimensional calculations for use in two-dimensional calculations. The third set

of cross sections contained 14 neutron energy groups with down-scattering pro-

babilities only. The thermal group cross sections of the 14-group set were those

used in group 4 of the 4-group set.

Thirdly; a one-dimension_l diffusion theory multi-group code with neutron

slowing do_n only was used to do parameter surveys to establish trends in critical

mass variations with variations in moderator voids_ liner materials, structure

materials; liner thicknesses; .m_d moderator thicknesses. The 14-group cross

sections were used for the parameter survey.

The final step of the nuclear study consisted of the critical mass calculations

for two-dimensional configurations which included a two-dimensional cylinder without

nozzle or fael injection duct and two-dimensional configurations including exhaust

nozzles and fuel injection duct with various amounts of structure materials in the

nozzle area.
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ENGINE SPECIFICATIONS AND NUCLEAR CONFIGURATIONS

The reference engine design used as a basis for nuclear criticality calcula-

tions is described in Ref. 1. A preliminary layout of the engine is shown in Fig. 1.

The configurations used to approximate the compositions, dimensions, and geometry

of the conceptual engine design for nuclear calculations agree in essential details

with the final design of Ref. 1 with the exception that substantially greater masses

of natural tungsten and steel in the heat exchanger and pressure vessel regions,

respectively, were used in the n_clear calculations. It was assumed that the effect

on critical mass due to reflection of either fast or thermal neutrons by the over-

estimation of material mass in the two outermost regions was negligible for the

following reasons. First, the fast neutron flux reaching these regions after

traversal of the reflector-moderator was negligible. Secondly, the albedo for

reflection of thermal neutrons by natural tungsten is less than 0.5%. Finally, the

natural tungsten region was from 1 to 2 thermal neutron absorption mean-free-paths

thick, so that reflection of thermal neutrons by the outer steel pressure vessel

with an albedo of about 40% is diminished by thermal neutron absorption in the

natural tungsten.

For a well reflected cavity, the required critical fuel densities are approxi-

mately equal for a sphere and for a cylinder of the same diameter, the cylinder

having equal length and diameter. Therefore, an equivalent spherical configuration

was chosen with a diameter equal to 6 ft and with the various thicknesses of liner,

moderator, plenum, heat exchanger, and pressure shell equal to those for the

reference engine design. The equivalent spherical configuration is shown in Fig. 2.

_he dimensions and volumes of the various regions in the spherical configuration

are shown in Table I. The fuel-containing region is divided into three regions of

equal volume. There are two regions of hydrogen: first a region adjacent to the

fuel which is at very high temperature and pressure, namely lO0,O00 R and 1000

atmospheres; the second hydrogen region is a cool region adjacent to the cavity

liner 2.0 in. thick and at a temperature of 5400 R. The next region is the cavity

liner which consists of tiny W-184 tubes cooled internally by helium plus a beryllium

containment vessel to prevent intercommunication of the helium coolant which passes

through the reflector-moderator and the hydrogen propellant within the cavity. The

next four regions are reflector-moderator regions consisting of beryllium oxide,

graphite, a beryllium metal tank wall, and heavy water in that order. The

thicknesses of these various regions were chosen on the basis of maximum temperature

tolerances and heat balance considerations. Heating of the reflector-moderator

regions was considered to be due exclusively to neutron and gsm_a volumetric heat

deposition. The final two regions are a region containing the outer heavy water

beryllium tank, natural tungsten manifolding, and plumbing for the various coolant

cycles, heat exchangers, and propellant feed lines, and finally a steel pressu_re

vessel. In addition to the dimensions and volumes of the various regions, Table I

also indicates the number of radial mesh points employed in nuclear calculations

and the material temperatures assumed for each region.



A two-dimensional cylindrical configuration which was used to approximate the

reference engine design with no nozzle and no fuel injection duct is shown in Fig.

3. The dimensions and materials used for the two-dimensional cylinder shown in

Fig. 3 are the same as those for the equivalent sphere in all regions except the

fuel region and the hot hydrogen region adjacent to the fuel. The compositions of

the various materials in both the one- and two-dimensional configurations are

identical. Table II contains the compositions in the various regions for both the

one- and two-dimensional cases while Table llI contains the dimensions of the two-

dimension_l configuration. Note that in Table II the volume fractions in most

regions do not add up to 1.0_ th_s allowing for voids filled with helium coolant.

The presence of helium was neglected in the nuclear calculations because of its

small scattering cross section and negligible thermal neutron absorption cross

section. Table Ill also indicates the number of axial and radial mesh points

employed for each region and the material temperatures assumed for each region.

The numbers of mesh points in the axial and radial directions are additive so that

a total of 25 x 37 = 925 mesh points were used in the nuclear calculations for the

cylindrical configuration with no nozzle or fuel injection duct.

The reason for the different fuel region thicknesses in the two-dimensional

configuration as compared to the one-dimensional is that in the cylindrical con-

figuration the fuel density profile was considered to vary linearly with radius

but was considered to be constant in the axial direction. Since the two-

dimensional conf_.guration is the actual engine design for which criticality

calculations were to be performed, the fuel densities and fuel region volumes

were calculated first for the cylinder. The spherical volumes were then made to

conform to those for the cylinder. In order to do this, the radii of the fuel

regions in the sphere had to be different from those in the cylinder; since the

outer fuel radius was different for the spher% then the thickness of the hot

hydrogen layer for the spherical geometry also had to be commensurately less than

for the case of the cylindrical geometry.

In order to represent the entire engine design, it was necessary to provide

for exhaust nozzle penetration through one end of the cylinder and for a fuel

injection duct thl_ugh the other end. Figure 4 shows the assumed approximation

of the exhaust nozzle geometry. In order to minimize the size of the penetration

through the pressure shell, it was assumed that the nozzle had 15-deg-convergent

and 30-deg-divergent cones and that these approach and exhaust cones were both

contained within the thickness of the pressure vessel. The exhaust nozzle was

then assumed to be an annular slot through the pressure vessel with the volume of

void equal to the total void volume in the six exhaust nozzles of the reference

engine design. Since the nozzle was embedded in the pressure vessel, a rather

long nozzle approach was inserted in the form of a annular slot, equal in thickness

to the hydrogen region between the fuel and the cavity wall. The material surro_&nd_ng

the e_haust nozzle was assumed to be of sufficient volume to allow transpiration

cooling in the nozzle throat and in the convergent and divergent parts of the

nozzle. _he large annular slot leading toward the nozzle approach was assumed
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to be lined in one case with the same materials that lined the inner cavity wail

(a combination of W-184 and beryllium), and in another with pure W-184.

The fael injection duct geometry was chosen to be that used in Ref. 16, namely

a hafnium sleeve one-half-inch thick surrounding an injection hole 0.08 in. _n dia-

meter. The geometry of the fuel injection duct is shown in Fig. 5.

The dimensions of the exhaust nozzle a_d fuel injection duet and the com-

positions of the materials within these two regions are given in Tables IV and V,

respectively.

As was mentioned previously, the _el concentration in the conceptual engine

design was assumed to vary linearly with radius from the centerline peak concentra-

tion to zero concentration at the edge of the fuel cloud. The cylindrical fuel

region was divided into three equal volumes. Figure 6 depicts the fuel concentration

profile and the average fuel densities in each of the three fuel volumes which were

used to similate the real density profile. The differences in region radii between

the cylindrical and spherical geometry were necessary to assure that both geometries

were divided into three regions of equal volume.

The fuel and hot hydrogen were assumed to be at a temperature of i00,000 R and

a pressure of i000 atmospheres. Under these conditions, the fuel is approximately

triply ionized, and the hydrogen is totally ionized. Since there is a fuel con-

centration profile, the concentration of hydrogen also varies with radius. In

order to estimate this variation of hydrogen density with radius with relation to

the fuel density profile, it was assumed that the total particle density w_thin the

fuel region was constant at 1.32 x i02° particles per cubic centimeter. Figure 7 is

a plot of hydrogen ion density versus fuel ion density for the assumed cavity

temperature and pressure conditions. Ratios of hydrogen concentrations to fuel ion

concentrations were used from this figure for the three different fuel regions in

each calculation.

For the two regions containing hydrogen alone, the concentrations, partial

pressu_'es, and total hydrogen atom densities for H_ H, and H+ were taken from

Ref. ]7 and indicated in Table VI for the various temperatures and pressures used

in this study.

Finally, the densities and weights of all materials employed in the various

reactor criticality calculations are summarized in Table VII. Table VII contains

the atom densities and the mass densities of the various materials plus a summary

of the total mass of the various materials used for the spherical one-dimensional

geometry, the two-dimensional cylindrical geometry with no nozzle and no fuel

injection duct, the cylindrical two-dimensional geometry with a nozzle and a fuel

injection duct using the W-184 nozzle approach liner, and the two-dimensional

geometry with nozzle and with fuel injection duct using the cavity liner material

for the approach to the nozzle. As was noted previously, the very large amount of

iron in the pressure vessel and the large amount of natural t_angsten assumed to

7



be in the heat exchanger and plumbing region between the reflector-moderator and

the pressure shell would not reflect a significant number of neutrons and therefore

did not affect the criticality calculations substantially.



NEUTRON CROSS SECTIONS

Selection of the neutron energy group structure and cross section sets was

governed primarily by the different temperatures which were employed in the solid

parts of the engine configurations and the presence of hot hydrogen in the fuel

region. In order to calculate neutron absorptions and spectra accurately for

adjacent regions in the reflector-moderator at quite different temperatures, it

was necessary to employ several thermal neutron energy groups in the range from 0

to 1.125 electron volts. In addition, in order to calculate the effects of neutron

up-scattering by the presence of hydrogen at 1OO, O00 R in the cavity, it was also

necessary to add several therme/ neutron energy groups in the range between 1.125

and 29 electron volts. Thus, a basic set of 24 neutron energy groups was chosen

with 14 of the groups covering the range from 0 to 29 electron volts and the

remaining groups covering the range from 29 to 107 electron volts. Table VIII

contains the energy boundaries of the 24-group structure. The fast neutron cross

sections were calculated using the GAM-I code (Ref. 18) with slowing down spectra

calculated for the various local moderator materials. The slowing down spectrum

for the cavity region was assu_ed to be that of the beryllium oxide, the material

in largest quantity adjacent to the cavity. Thermal neutron absorption cross

sections were calculated using the TEMPEST code (Ref. 19) with the-spectra chosen

again for the temperatures and materials of the local moderator regions. Thermal

neutron cross sections for the cavity region were calculated using the thermal

neutron spectrum of beryllium oxide. Up- and down-scattering probabilities with-

in the thermal neutron groups were calculated using the SOPHIST-I code (Ref. 20)

which u_es a Ma_xwellian distribution of moderator scattering atoms and an input

neutron spectrum also assumed to be Maxweilian at the neutron temperature of the

moderator with a I/E tail at the nearest energy group boundary to 5 kTn. Tn is

the neutron temperature and is assumed to be equal to the material temperature for

all regions except those within the cavity. The SOPHIST-I code includes in the

up- and down-scattering probabilities the enhancement of reaction rates due to

relative velocity. The transport cross sections for the various materis/s were

calculated by including this enhancement of reaction rate by the relative velocity

effects in 8/1 regions. Thus the transport cross section is given by

15

°t_1 --°,,_+z _°°t (1-cos e) (1)
J=I

where the sum of the _ij is the sum of the up- and down-scattering probabilities

from energy group i to all other energy groups j, and cos e is the mean value of

the cosine of the scattering angle.



Treatmentof Hot HydrogenScattering

Thecalculation of cross sections for the molecular hydrogenboundarylayer
betweenthe hot hydrogenand the cavity wall and the hot ionized hydrogenat i00,000
R required special treatment. First_ the hot hydrogenat I00,000 R canbe assumed
to be completely ionized and dissociated. Therefore, its scattering cross section
is constant at 20barns over all of the thermal neutron energyranges. TheSOPHIST-
I codeincluded the relative velocity effects in calculating enhancedreaction rates
for up- and down-scatteringprobabilities. However,in calculating the transport
cross section, not only mustthe relative velocity enhancementof scattering rate
be included, but agso someestimate mustbe madeof the meancosine of the
scattering angle. In the special casewherethe hydrogenin the cavity is moving
faster than the neutrons flowing into the cavity, the averageangle of scattering
in the laboratory systemis nearly equal to that in the center of masssystem.
Therefor% in the limit for a very slow-movingneutron colliding with hydrogen
movingat a very high speed_the scattering maybe consideredisotropi% i.e., the
meancosine of the scattering angle maybe consideredto be zero. Treatmentof mean
scattering angle has beenreported in Ref. 21 where(1 - cos @)wascalculated for
atomic hydrogengas as a function of the ratio of the speedof a colliding particle
to the mostprobable speedof a similar particle in a Maxwelliandistribution.
A plot of (1 - cos--_)vs the ratio of neutron velocity to the mostprobable
velocity of atomichydrogenis shownin Fig. 8. Thesevalues wereusedto calculate
the transport cross section by the equation:

15

_ =_,_ +z _ _,_ (1-cos e)_ (2)

Equation (2) is the same as Eq. (I) with the addition of group dependence in the

(i- co_) term. Table IX contains atomic hydrogen cross sections for the various

hydrogen temperatares used.

It should be noted that tr_msport cross sections for atomic hydrogen were

calculated for temperatures of I00,000 R and 20,000 R. At 20,000 R and i000 atmo-

spheres, the hydrogen enviromment contains a mixture of atomic and molecular

hydrogen. Further complications in the transport cross section for hydrogen

occur due to two factors when molecular hydrogen is present. First, the reduced

mass of the neutron-hydrogen scattering system increases for neutron energies

well below the binding energy of molecular hydrogen (_ _.5 ev) because the hydrogen

scattering center has a mass twice that of atomic hydrogen. As a result, the

hydrogen scattering cross section per atom increases for molecular hydrogen.

Secondly, because the effective mass of the molecul_ar hydrogen scattering center

approaches a value twice that of the neutron, the mean cosine of the scattering

angle is different from that for atomic hydrogen. No calculated or measured data

was found for values of (i - cos e) for scattering interactions between thermal

neutrons and molecular hydrogen. Therefore, for neutron energies well below the

binding energy of hydrogen, _ 4.5 ev, it was assumed that the value of c-_¢ was

i0



half that for atomic hydrogen. For energies betweenthe r_ige of i _id 4 ev, the
limit of (i - co-'_--[)wasvaried linearly with energyfrom 0.667 to 0.333. Figun'e
contains the limiting values of (i - cos e) for both molecular _id atomic hydrogen.
Table X contains the hydrogentransport cross sections for molecular hydrogenat
the two temperaturese_[ployed_20,000R and 5400R. Thescattering cross sectious
per atomfor molecular hydrogenshownin Table X are measuredvalues corrected for
thermal motion from Ref. 22 for the averageenergyof eachenergygroup. Figure 9
contains plots of scattering cross section per atomversus energy for molecular
hydrogenreproducedfrom Ref. 22. _uere wasassumedto be no atomic hydrogenin
the environmentof hydrogenat 5400R.

It is signific_rt to note that, for atomic h_drogenat 20,600R to i00,000 R,
transport cross sections in the very low energygroupsbelow0.I ev (groups22 to
24) are as muchas an order of_nitude greater than the transport cross sections
at the energies correspondingto the averageneutron energyat that temperature
(groups 12 to 15). This meansthat not only is there a great deal of up-scattering
of the neutrons in the low energygroupsto higher energies, but that also the low-
energy neutrons experiencea great deal of difficulty in diffusing across the hot
hydrogenregions.

Comparisonof 24-Groupand )_-Croup Cross Sections

In order to calculate two-dimensional configurations economically, the 21_-

group cross sections used in the one-dimensional spherical Calculations were used

to generate volume- and flu_x-weighted 4-group cross sections. The neutron energy

boundaries of the 4-group set are shown in Table VIII. In order to eval_ate the

accuracy of the ll-group set, companion problems were run for the spherical one-

dimensiona_l case in which a 24-group calculation was compared with a 4-group calcula-

tion for identical fuel loadings and identical geometz_. Table XI contains a com-

parison of the neutron balances from these two calculations. It can be seen that

k peak to average power, fuel absorptions per fission, and neutron sourceelf,

calculations correspond very closely for the two calculations. Neutron 3eakag_s

and absorptions within the cavity also correspond closely for the two calculations.

_le major differences occur in the fast fluxes and total fluxes and in compaz'Json

of absorptions in the reflector-moderator. The cause of these differences is

attributed primsmily to the inability of the 4-group cross sections to calculate

accurately the communication of neutrons between low energy groups in the reflector-

moderator materials adjacent to one another and at different temperatures. IIow-

ever_ since the two sets of cross sections calcu_].ate cavity conditions accumately_

the discrepancies in absorption _d total fluxes in the reflector-moderators do u_t

affect the c_IcuJation of ]_ef_ or critical fuel loading signif_cantly_ so it wa_:

_ssumed that the 4-group cross section set could be useG<o calculate crit_ca/

masses for two-dimensionaJ, geometries.

L
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RESULTSOF0NE-DIMENSIONALDIFFUSIONTHEORYCALCULATIONS

24-GroupCalculations

One-dimensionalcriticality calculations wereperformedusing two different
neutron difPasion theory codes. Thefirst set of calculations wasmadefor the
spherical configuration whosedimensionsand compositionsare given in Tables I
and II, using the ULCERone-dimensionaldiffusion theory code (Ref. 23) andthe 24-
group cross sections. Theprincipal objective of these calculations wasto develop
flux- and volume-weighted4-groupcross sections for two-dimensionalcalculations.
In addition to generation of 4-group cross sections, critical massvariations were
calculated for changesin fuel density profiles within the spherical configuration,
changesin fuel-containing volume, changesin the thickness of cool hydrogenlayer
adjacent to the cavity liner, and for different nuclear fuels. Figure lO shows
the results of U-233critical masscalculations for both the uniform-fuel-density
profile (yielding a 35.25-ib critical mass)and for the stepped-densityprofile
(39.25-ib critical mass), in which the fuel-bearing region wasdivided into three
equal volumes. Thefuel-density profile for the steppedfuel loading is that
shownin Fig. 6 for the spherical configuration. This increase in critical mass
for the steppedfuel density profile is attributed to self-shielding of the high-
density central fuel region, andto greater alteration of the spectrumof neutrons
flowing into the central fuel region dueto a larger effective thickness of hot
hydrogen.

Theneutron flux spectra from the 24-groupcalculations are shownin Fig. ii.
Thesix flux plots are shownfor the three principal reflector-moderator regions

and for three regions within the cavity. The different flux spectra show the

changes in neutron distribution with the temperature of the various reflector-

moderator regions and the marked effect of hydrogen up-scattering on the neutron

spectrum in the cavity. It can be seen, for example, that, in the hot-hydrogen

region where the hydrogen temperature is i00,000 R, the neutron spectrum peak is

only 40% of the peak value of the flux in the berylli_n oxide region. In addition

to the flux spectra, She growth of integrated flux with energy is shown for the

beryllium oxide and fuel regions in Fig. ii. It can be seen from these plots that

the presence of the hot hydrogen causes the ratio of group- 3 to group-4 integrated

fluxes to be 0.62 in the fuel region as compared to 0.20 in the beryllium oxide

region.

It is fortunate in the case of U-233 that there are several fission resonances

between 1 and 5 electron volts so that up-scattering of neutrons within the cavity

does not affect critical mass requirements dramatically. This is not the case when

U-235 or Pu-239 fuels are used. In order to compare U-233 critical mass require-

ments with those of U-235 and Pu-239, calculations using 24-group cross sections

were v_de for the one-dimensional equivalent spherical geometry using U-235 and

Pu-239. The results of these calculations are shown in Table XII and indicate

that the critical mass for U-235 is 120.0 ib and for Pu-239 is 149.5 ib as compared

to critical mass requirement of 37.25 lb for U-233 in the identical spherical geometry.
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Two other sets of 24-group one-dlmensional calculations were performed using

U-233 fuel with the stepped density profile. The first of these sets demonstrates

the effect of fuel volume variation on critical mass requirements. The results of

these calculations are shown in Fig. 12. For these ca_es, the fuel-containing

volume was varied from 0.80 to 1.20 times that of the basic case. The variation

of critical mass over this range of fuel volumes was from about 38.6 ib of U-233

for the smallest fuel volume to about 36.7 ib of U-233 when the fuel-bearlng

volume was 1.20 times that of the basic case. Two factors contribute to these

variations in critical mass with fuel volume variation: the first is an increase

in self-shleldlng as the fuel volume is col!apsed_ and the second is an increase

in the thickness of the hot hydrogen layer between the cavity wall and the fuel

which causes greater changes in the spectrum of neutrons entering the fuel region.

The variation of critical mass requirements with the thickness of the cool

hydrogen layer adjacent to the cavity wall is shown in Fig. 13. For these calcula-

tions, the thickness of the molecuD.ar hydrogen layer at 5400 R was varied from 1

to 3 in. The critical mass requirement over this range varied from 40.0 lb for the

l-in.-thick layer to about 34.9 lb for the 3-1n.-thick layer. This decrease in

critical mass with increased molecular hydrogen boundary layer thickness is attri-

buted to an increase in the slowing down power of the reflector-moderator as more

cold hydrogen is placed adjacent to the cavity wall.

These last two results have interesting effects on the transient behavior of

nuclear rocket cavity reactors. For exampl% a decrease in fuel region volume

would lead to a cooling of the hydrogen region since the reactivity of the system

would go subcritical. The cooling of the hydrogen region would tend to cause the

molecular hydrogen layer at the cavity boundary to grow, inserting a positive

reactivity effect. Further analysis is necessary to determine whether the positive

effect of the growth of the molecular hydrogen layer could override the negative

reactivity effect of a collapsing fuel volume.

14-Group Calculations

Additional one-dimensional calculations for the basic spherical geometry were

made using the FAIM one-dimensional diffusion theory code which provides only for

neutron slowing down (Ref. 24). Fast neutron energy groups from the standard 18-

group neutron cross section library for the FAIM code were coupled to the thermal

group cross sections between 0 and 1.125 ev which were generated by _he ULCER

calculations, thus yielding a 14-group cross section library. The one-dimenslonal

calculations were performed to guide the choices of materials and moderator coolant

schemes employed in the reference design study. Calculations were performed to

examine the effects of void fraction# variation of inner liner thickness, moderator

zone thicknesses, and W-18_ enrichment on the U-233 critical mass. The void

fraction in the moderator region consists of the coolant passages through which

the helium coolant must pass to remove the volumetric heat load in each region,

13
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passages through which hydrogen propellant is transmitted to the cavity, and

tolerance allowances in piecing together segments of the moderator. Critical mass

calculations were performed in which the void fractions in each of these regions

were varied separately from zero to twice that required for the reference engine

design, and for a final case in which the void fractions in all three regions were

varied simultaneously from zero to twice those required in the reference engine

design. These results are shown in Figs. 14 through !7. Figures 14 through 16

show the results for variations in void fraction in the beryllium oxide, graphite,

and heavy water regions_ respectively. Over the range from zero void fraction to

twice that required by the reference design, the critical mass does not vary by more

than 5%, the effect of variation in void fraction in the beryllium oxide region

being the greatest. On the other hand, when the void fraction is varied simul-

taneously in all three reflector-moderator regions, the results shown on Fig. 17

indicate that critical mass can vary by 30% over the range from zero void fraction

to twice that required by the spherical analogue of the reference design. For

purposes of comparison_ the critical mass of the 14-group FAIM calculation was

36.8 ib while that for the 24-group ULCER calculation was 35.25 ib for the basic

spherical configuration with a uniform fuel density profile. The use of a uniform

fuel density profile was necessitated in the FAIM calculations by a limitation to

ten material regions instead of the twelve regions allowed in ULCER. The reason

for agreement to within about 4.4_ between the 24- and 14-group calculations is

that U-233 is relatively insensitive to transfer of neutrons by up-scattering inter-

actions across the 1.125 ev boundary of the thermai neutron energy group of the 14-

group cross sections. For any ilAel other than U-233, agreement between the two

codes would not be expected to be as good.

In order to evaluate the effect of the thickness of a W-184 tube liner along

the cavity wa_ll, the density of W-184 in that liner was varied from zero to iO

times the reference design density. The results of these calculations are shown

in Fig. 18. The principal result is that the basic liner for the equivalent

spherical configuration causes an increase in critical mass relative to that with

no liner by approximately 60%. The rapid increase in critical mass as the liner

density increases from 5 to i0 times that of the basic case indicates that a liner

of thickness much greater than that used in the conceptual engine design cannot be

tolerated. In fact, the increase in critical mass due to the W-184 liner employed

for the first reference design has motivated plans for a second design (see Ref. i)

which would employ a liner configuration in which beryllium tubes were covered with

niobium-carbide-coated pyrolytic graphite; such a configuration would provide far

less neutron poisoning than tubes made from W-185.

The rather high critical masses with the basic reflector-moderator configuration

lead to an investigation of the effect of the thickness of the heavy-water region on

U-233 critical mass. The results of these calculations are shown in Fig. 19. It

can be seen that doubling the heavy water region thickness can reduce critical mass

requirements by about 25%. In addition to reducing the critical mass requirements,

the use of a thicker reflectcr-moderator would also reduce the sensitivity of the

14



system to liner thickness_ liner neutron poison, and the presence of structural

poisons in the reflector-moderator regions. However, as can be seen from Fig. 19,

there is a considerable weight penalty involved in increasing the thich_ess of the

hea_y water region. In addition to the added weight of heavy water created by

doubling the thickness of this region, the weight of the pressure shell would also

increase substantially due to the increased over-all size of the rocket engine.

The reference engine design employed tungsten as a high-temperature material.

The tungsten employed in moderator regions was pure 184 isotope, since natural

tungsten has a thermal neutron absorption cross section about an order of magnitude

larger than that for the 184 isotope. However, W-184 is extremely expensive to

obtain in high purities. Therefore calculations were made to investigate the effect

of the W-184 enrichment on critical mass in the spherical configuration using the

structural materials established for the reference engine design. The results of

these calctulations_ shown in Fig. 20, indicate that W-184 enrichment must be equal

to or higher than 97.5% to limit the increase in critical mass due to addition of

natural tungsten to less than 15%.

The results of the 14-group one-dimensional calculations lead to estimates of

critical mass considerably greater than employed in earlier studies (Hcf. 25).

Table XIII contains a summary of the critical mass buildup and attempts to indicate

the causes for this increase in critical mass. This table shows critical mass

requirements as various factors affecting the critical mass are added to the con-

figuration. Starting with a critical mass of 16.4 ib for a spherical configuration

containing fuel and hot hydrogen at 500 atm and i00,000 R and with idealized

reflector-moderator regions with material densities considerably above those used

in the reference engine design, it can be seen that by systematic introduction of

factors affecting critical mass such as an increase in cavity pressure, decreases

in reflector-moderator densities to accommodate voids for coolant and propellant,

addition of a W-184 heat-resistant cavity liner, and the use of W-184 plumbing

structure, critical mass is increased to 36.8 lb. It can be seen from these

tabulated results that one of the major causes for critical mass buildup is the

presence of the W-184 liner in the cavity. The next most important factor appears

to be the introduction of voids in the reflector-moderator regions.

Further calculations to duplicate the results of the Corporate-sponsored

calculations which were used for the critical mass estimates employed in Ref. 25

were not attempted because generation of cross sections for different moderator

temperatures and hot hydrogen temperatures would have been necessary. Furthermore,

the 14-group calculations used to obtain the results of Table XIII yielded critical

mass about 4.4% higher than the companion 24-group calculation for the spherical

analogue of the reference engine design.

The critical mass employed for the studies of Ref. 25 was estimated by

multiplying the critical mass for the spherical configuration shown in the

first row of Table XIII (12.3 ib) by a factor of 3/2 to obtain the critical
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mass requirements for a cylindrical configuration of equal length and diameter and

with a cavity diameter equal to that Of the sphere. It is shown in the next section

that this method of estimating critical _ss for a cylindrical configuration does

not appear to be valid when there is appreciable neutron leakage from the reflector-

mo de rat or.
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RESULTS OF TWO-DIMENSIONAL DIFFUSION THEORY CALCULATIONS

Two-dimensional diffusion theory calculations of U-233 critical mass require-

ments using the TWENTY GRAND code (Ref. 26) were made for a cylindrical geometry

using three different assumptions concerning the nozzle and fuel-lnjection duct:

no nozzle and no fuel-inJectlon duct; with a fuel-lnJectlon duct and nozzles

penetrating the reflector-moderator and pressure shell; and with nozzle and fuel

injection ducts but with less W-184 structure in the nozzle-approach region. The

results of the two-dimenslonal calculation for the case with no nozzle and no fuel

injection duct are shown in Fig. 21. The critical mass requirements for this con-

figuration amount to 35.7 lb of U-233. This mass is considerably less than that

projected from the one-dimensional calculations, and the difference Is attributed

to less leakage from the two-dimensional configuration than was calculated for the

one-dimensional equivalent sphere and a lower ratio of fast-to-thermal neutron flux

in the cylindrical configuration. Figure 22 contains midplane radial neutron flux

plots for all four energy group_ for both the cylindrical configuration wlth no

nozzle or fuel-lnJectlon duct and the equivalent spherical configuration. Both sets

of fluxes are normalized such that the peak values are 1 neutron/cm_-sec. It can be

seen that the ratio of group-1 flux to group-4 flux" in the fuel region for the

cylindrical configuration is approximately 1.O while for the equivalent sphere it

is about 1.5. Furthermore, the group-3 flux in the fuel region in the cylinder Is

nearly twice that in the sphere. Thus, the cylindrical configuration exhibits a

considerably softer neutron flux in the cavity than does the spherical configuration

with the same cavity diameter and identical reflector-moderator thickness and com-

position.

Table XIV contains comparisons of neutron absorptions per region for the two

geometries. It can be seen from thls table that the absorptions in (and hence

neutron leakages into the natural tungsten and iron pressure vessel for) the

spherical configuration are greater than those for the two-dimenslonal calculations.

Also, the ratio of neutron absorptions in the outer two regions to absorptions in

the reflector-moderator regions for the spherical configuration is 1.5 times the

same ratio for the cylinder. It can be concluded from these results that the

analogy which states that critical fuel density for spheres and cylinders with

equal length and diameter should be identical is not good for cases in which the

reflector-moderator is not a semi-infinite region. That is to say, the analogy

between an equivalent sphere and a cylindrical cavity with a length to diameter

ratio of 1 is good only in those cases where a large and highly efficient reflector-

moderator is employed.

Figures 22 and 23 contain midplane radial neutron flux plots and c_enterllne

axial neutron flux plots for the cylindrical configurations with no nozzles. The

shapes of these flux plots are typical of cavity reactors. Neutron group-_ (thermal)

flux peaks in the reflector-moderator region and is depressed slightly as the radius

approaches zero in the fuel region. The grouP-3 flux, which extends from 1.125 to
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29 ev, builds up only slightly in the reflector-moderator region and is depressed

similarly to the group-4 flux in the fuel region. The group-i and group-2 fluxes

exhibit slowing down spectra in the reflector-moderator region as might be expected

and are relatively flat in the diffuse cavity region.

The results of two-dimensional diffusion theory calculations for the reference

engine design with exhaust nozzles and fuel injection duct are shown in Fig. 24.

Two different exhaust nozzle approach liners were used; one consisting of pure W-184

with an effective thickness of 0.17 thermal neutron absorption mean-free-paths, and

the other consisting of internally cooled W-184 tubes such as those used for the

cavity liner with an effective thickness of 5.8 x lO -s thermal neutron mean-free-

paths. The latter configuration with the W-184 tubes lining the exhaust nozzle

approach is referred to as the reference ei%gine design, and the configuration with

the pure W-184 exhaust nozzle approach liner is considered a modified version of

the reference engine design. The fuel injection duct geometries and the exhaust

nozzle geometry are shown in Figs. 5 and 6_ while the dimensions and compositions

for all regions are given in Tables I, II, 1-% and V. The fuel injection duct was

assumed to be a black absorber in group-3 and group-4, while in group-i and group-2

the regu_l_r hafnium fast-group cross sections were employed. In order to simulate

neutron streaming leakage from the exhaust nozzle region, a black absorber was

placed adjacent to the end of the reactor configuration containing the nozzle

annulus. This use of a black absorber for all neutron energy groups at this

position provided neutron flux gradients which were governed by the diffusion

coefficients of the regions adjacent to the black absorber_ namely, the diffusion

coefficients of iron for the pressure vessel and the large diffusion coefficients

for the hydrogen in the nozzle throat annular slot.

Two different exhaust nozzle approach liners were used for the reference

design configuration. The first calculation was for the modified reference engine

design with W-184 for the exhaust nozzle lining material, resulting in a critical

mass of 60.9 lb. The next calcL_ation was performed for the reference engine

design in which the nozzle approach liner was constructed of the same W-184 tubes

used for the cavity inner liner. This change reduced the critical mass to 50.1 lb.

If comparison of these results is made to the two-dimensional calculation w_th no

nozzles and no fuel injection duct, it must be concluded that the presence of the

annular nozzle approach slot and the fuel injection duct causes an increase in

critical mass from approximate_f 35.7 ib to 50.1 lb.

Figures 25 through 28 contain radial flux plots for the two-dimensional

modified reference engine design. The first set of flux plots in Fig. 25 are taken

through the fuel injection duct at an axial position which penetrates the graphite

moderator region at its midpoint. It can be seen that the group-3 and group-4

fluxes are depressed by the presence of the fuel injection duct which is treated

as a black absorber, while the group-i and group-2 fl_xes are relatively flat

through both the graphite region and the hafnium injection duct. Figure 26 shows

the midplane radial neutron flux distributions for the four energy groups employed.

The comments regarding the flux distributions for the cylindrical configuration

18



with no nozzles apply to these flux distributions as well. Figure 27 contains

radial neutron flux distributions through the axial midplane of the nozzle approach

slot. It can be seen from these plots that the presence of a relatively thick

region of W-184 as a lining material for the nozzle approach depresses the group-4

flux considerably. This is why the critical mass for the configuration using W-184

in the nozzle approach is about 20% larger than for the reference engine design in

which the nozzle approach liner is made of the same tiny W-184 tubes employed in

the cavity liner. It can also be seen from these flux plots that the group-1 flux

begins to peak in the nozzle approach slot, indicating a streaming of fast neutrons

through the nozzle. The group-2 flux is only slightly affected by the presence of

the nozzle approach liner and the 20,000 R hydrogen in the nozzle. The group-3

flux peaks in this region principally because of the presence of hydrogen at 20,000

R which tends to up-scatter the group-4 neutrons into group-3. The final radial

flux plot for the modified reference engine design is shown in Fig. 28 and is plotted

for the axial midplane of the nozzle throat. This plot shows the strea/ning of fast

neutrons out through the nozzle very dramatically. It also shows a tendency for a

peaking of the group-2, 3, and L fluxes. The odd shape of the group-2 flux can be

attributed to resonance absorption of neutrons by the W-18_.

Calculations were also performed to evaluate the effect of nozzle throat size

on critical mass. These results are contained in Table XV. It can be seen that the

width of the annular nozzle throat has little or no effect on critical mass. In

fact, the values of k,f t for the cases in which the exhaust nozzle w_dth was doubled

and tripled were so close to ket t for the modified reference design engine that the

critical masses in Table XV were estimated by applying the ratio of (Ak/k) + (AMc/M c .

This result is not surprising, since the relative size of the area of the nozzle throat

is extremely small t and since the tungsten surrounding the throat is such a poor

reflector of neutrons.

Table XV contains a surmnax"# of the results of all the two-dimensional calcula-

tions. The resu/ts calculated are tabulated and show the increase in critical mass

from the cylindrical geometry with no nozzle and no fuel injection duct to the

critical mass for the configuration which includes the exhaust nozzle and fuel

injection duct and the W-184 liner for the exhaust nozzle approach. Examination

of these results indicate that a reduction of critical mass could be achieved by

employing little or no W-184 and by reducing the volume of moderator material

lost to the nozzle approach slot region. The highest value of critical mass,

60.9 lb, calculated for the modified reference engine design can be considered a

pessimistic result. A critical mass of 46.3 lb was estimated for a configuration

with no fuel injection duct but with the reference engine design exhaust nozzles

with their approach slot lined with the cavity liner W-184 tubes. This mass was

estimated using the criteria of the ratio of fuel injection duct surface area to

cavity surface area from Table III of Ref. 16.

Table XVI contains a summary of the effect on U-233 critical mass resulting

from changes in weights of moderator, propellant, and structural materials and by

changes in dimensions of fuel, hydrogen, and moderator regions for both one- and
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two-dimensional] calculations. The factors for the one-dlmensional calculations are

helpful in indicating the regions to which attention should be concentrated to

reduce critical mass. For example, addition of beryllium oxide to the inner

reflector-moderator region is of more worth than increasing the thickness of the

outer heavy-water region. With regard to the variation of fuel volume and cool

hydrogen layer, the growth in the cool hydrogen layer thickness need only be about

1/5 the reduction in fuel region radius to overcome the negative reactivity effect

of fuel region collapse. Comparison of one- and two-dimensional mass change factors

indicates that removal of moderator from a localized region such as the nozzle

approach volume is worth approximately twice as much as uniform removal or addition

of moderator in the spherical case. Results indicate that use of a nozzle approach

volume one-half of that used in this study would reduce critical mass by 7.9 ib

assuming linear behavior of(AM=/Mc) + (AMMo_)for the cylindrical configuration.

Further work on conceptual engine design should include removal of all

possible poisons from the reflector-moderator region, the use of high-density

pyrolytic graphite in the high-temperature reflector-moderator region, and

reduction of the volume of nozzle approach.

r ¸ 7
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LIST OF SYMBOLS

cos e

E

gl

ev

k

k
elf

l¢_oa

N

m

NH

NH 2

NH+H+

N u

P

PH

PH+

PH 2

R

N

T

TH

Mean cosine of neutron scattering angle,

Neutron energy, ev

Average energy of neutron energy group i

Energy, electron volts

Boltzm_un's constant, erg/K

Effective multiplication factor,

Critical mass, ib or Kg

Mass of all moderator materials, ib or Kg

Mass of material x, ib or Kg

Mass of hydrogen atom, gm

dimensionless

, ev

dimensiom!ess

Atom density of all hydrogen species, atoms/cm s

Atom density of molecular hydrogen, atoms/cm s

Atom density of atomic hydrogen and hydrogen ions, atoms/cm 3

Atom density ,of uranium, atoms/em s

Pressure, atm

Partial pressure of atomic hydrogen, atm

Partial pressure of hydrogen ions, atm

Partial pressure of molecular hydrogen, atm

Radius_ in. or cm

Fael region radius, in. or cm

Temrperature, R or K

Hydrogen temperature, R or K

mr
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LIST OF SYMBOLS (contd.)

%

Vt

Vo

_t j

Po

Oa

Os

O't r

¢

Neutron temperature, R or K

Average speed of neutrons in energy group i, cm/sec

Most probable speed, cm/sec

Probability of neutron transfer from energy group i to energy group

J by scattering interaction, dimensionless

1_lel density, _m/cm s or ib/ft s

Average fuel density, gm/cm s or lb/ft 3

Centerline DAel density, gm/cm S or lb/ft s

Neutron absorption cross section, barns

Neutron scattering cross section, barns

Neutron transport cross section, barns

Integrated neutron flux 3 neutrons/cm_-sec

Differential neutron flux, neutrons/cmS-sec-ev
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TABLE V

COMPOSITION OF EXHAUST NOZZLE COMPONENTS AND FUEL INJECTION

DUCT USED IN TWO-DIMENSIONAL CALCULATIONS FOR REFERENCE

ENGINE DESIGN WITH NOZZLES

Dimensions of Regions Given in Table IV

Geometry Shown in Fig. 4 and 5

Region

Description No.

Nozzle Approach

Nozzle Throat

Nozzle Approach

Inner Annular Sleeve

Nozzle Approach

Outer Annular Sleeve

Nozzle Throat

Inner Annular Sleeve

Nozzle Throat

Outer Annular Sleeve

Fuel Injection Duct

Black Absorber Region

13
14

15

16

17

18

19

2O

Volume Fractions

W-184" I H at 20,000 R I Hf I Be IW-184_

-- 1.0 ......

-- i°0 ......

0.8 .... 0.150 0.230

0.8 .... 0.150 0.230

0.8 ........

0.8 ........

.... 0.9 ....

* Volume Fractions employed for special case in which nozzle approach liner

was pure W-184.
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TABLE VIII

NEUTRON E_RGY GROUP STRUCTURE

Neutron

Energy Group

Upper Energy Lower Energy

Limit Limit

ev ev

Group Number,

Four-Group

Structure

i 1.0 x l0 T 2.865 x l0 s

2 2.865 x 106 1.35 x 106

3 1.35 x l0 s 8.21 x l0 s

4 8.21 X 105 3.88 x 105 i

5 3.88 x l0 s l.ll x l0 s

6 1.11 x lO 5 1.50 x lO 4

7 1.50 x 104 3.35 x l0 s

8 3.35 x 103 5.83 x i0 _

9 5.85 x i0 _ 1.01 x iO _ 2

i0 1.01 x I0 _ 29.0

11 29.0 8.32

]2 8.32 3.06

13 3,o6 2.38 3

14 2.38 1.86

15 5.86 1.44

16 1.44 1.125

17 1.125 0.685

18 0.685 o.4_4

19 o.414 O.3

20 O. 3 0.2 4

21 0.2 0.i

22 0.i 0.05

23 o.o5 o.o15

24 0.015 0.0
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TABLE XII

EFFECT OF SUBSTITUTION OF URANIUM-235 OR PL[TfONiUM-239 FOR URANIUM-233 ON

CRITICAL MASS IN THE ONE-DIMENSIONAL SPKERICAL CONFIGURATION

Geometry of Spherical Configuration Shown in Fig. 2

Dimensions and Compositons of Material Regions Used

in Spherical Configuration Given in Tables I and II

Calculations Performed Using 24-Group Cross Sections

Critical Mass

Nuclear Fuel _N_ .° lb

U-233 36.9

U-235 120.0

Pu-239 149.5
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TABLE XIV

COMPARISON OF NEUTRON ABSORPTIONS BY REGIONS FOR ONE-DIMENSIONAL SPHERICAL

CONFIGURATION AND TWO-DIMENSIONAL CYLINDRICAL CONFIGURATION WITH NO NOZZLE

Geometry and Dimensions of Spherical Configuratin Given in Fig. 2 and Table I.

Geometry and Dimensions of Cylindrical Configuration Given in Fig. 3 and Table III.

Composition of Material Regions for Both Geometries Given in Table II.

Region I Total Absorptions Per Re6ion

I 1 Spherical CylindricalDescription No. Configuration _ Confi6uratior

Inner Fuel Region 1 0.26290 0.27091

Center Fuel Region 2 0.13410 0.13390

Outer Fuel Region 3 0.04229 0.04181

Hot Hydrogen Layer 4 0.00033 0.00040

Cool Hydrogen Layr_ 5 0.00976 0.01222

Inner Liner 6 0.05302 0.08076

Beryllium Oxide 7 -0.00836 -0.00055

Graphite 8 0.02802 0.02985

Be ryllim Vessel 9 0.00392 O. 00418

Heavy Water i0 0.02889 0. O27_7

Tungsten Plumbing ll 0.42710 0.37996

Steel Pressure Shell 12 O.0i7______

TOTAL 0.99761 0.99998

Ratios of Region Absorptions

Fuel Absorptions (Re 6 . i; 2; and 3)

Moderator Absoi_ptions (Reg. 4-i0)

Tungsten Plumbing and Steel Pressure

Shell Absorptions (Re6. ii an!12 )

Moderator Absorptions (Ref. h-lO)

Inner Liner Absorptions (Re_._

Moderator Absorptions (Reg. 4-10)

Spherical Configuration

0.43929 = 3.80O7
O. I1558

= 3.8479
o. i1558

= o.4587

0.11558

Cylindrical Confi6uration

0.44662 = 2.8846

0.15483

= 2.574o

0.15483

0.080_6 = 0.5216
0.15483
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FIG, 2

BASIC SPHERICAL GEOMETRY USED
IN ONE-DIMENSIONAL CALCULATIONS

- CONFIGURATION SPHERICALLY SYMMETRIC

- ALL DIMENSIONS tN CM

-CIRCLED NUMBERS INDICATE REGIONS
DESCRIBED IN TABLES 1"I" TO

@

Q AND (_

C) TO®

PRESSURE SHELL

TUNGSTEN PLUMBING

MODERATORS

INNER LINER

HYDROGEN

U-233 FUEL

\
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BASIC CYLINDRICAL GEOMETRY USED
TWO-DIMENSIONAL CALCULATIONS

IN

FIG. 5

-CONFIGURATION SYMMETRICAL ABOUT AXIAL CENTERLINE AND RADIAL MID-PLANE

-ALL DIMENSIONS IN CM

- CIRCLED NUMBERS INDICATE REGIONS DESCRIBED tN TABLES 17" TO ]_.

PRESSURE
SHELL

TUNGSTEN
PLUMBING

MODERATORS-
L
t
(

(

INNER LINER----__
HYDRO GEN --i

-I

)
)

(

(

L
(

U-233 FUEL --i

RADIAL
MID-PLANE

®

i ®

i

® ® I®

68.580
91.440 ,,

C

®

151.685

®

165,100
_88.976
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FIG. 4.

GEOMETRY OF EXHAUST NOZZLE USED IN SOME

TWO- DIMENSIONAL CALCULATIONS

-- CONFIGURATION SYMMETRICAL ABOUT AXIAL CENTERLtNE t BUT NOT

RADIAL MID-PLANE

-- ALL DIMENSIONS IN CM

-- SEE FIG. 3 AND TABLES 3"[ THROUGH _ FOR DESCRIPTION OF

REGION NUMBERS
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GEOM ETRY OF FUEL-INJECTION DUCT USED IN

TWO- DIMENSIONAL CALCULATIONS

SOME

FIG. 5

- CONFIGURATION SYMMETRICAL ABOUT AXIAL CENTERLINE, BUT NOT
RADIAL MID-PLANE

- ALL DIMENSIONS IN CM

- SEE FIG. 3 AND TABLES Tr TO ]_" FOR DESCRIPTION OF REGION

NUMBERS

® ®

® ®

® ®

® ®

I
RADIAL MIO-PLANE, --
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FIG. 6

FUEL CONCENTRATION PROFILES USED IN ONE- AND TWO- DIMENSIONAL

CALCULATIONS TO SIMULATE LINEAR VARIATION OF NUCLEAR FUEL

DENSITY WITH RADIUS FROM CENTERLINE TO OUTSIDE EDGE OF FUEL

I.O00

PO = CENTERLINE FUEL DENSITY

P =Po I- -_-f , FOR UNIFORMLY DISTRIBUTED FUEL, /_ =

RADIUS RATIOS,-_f, CHOSE_I SUCH THAT FUEL REGION

WAS OIVIDED INTO THREE REGIONS OF EOUAL VOLUME

I ' ! ! I

0.090

o
0

I
0

0 578

RADIUS IN CYLINDRICAL GEO_METRY

FUEL REGION RADIUS Rf

I
0.694

RADIUS IN SPHERICAL GEOMETRY R

FUEL REGION RADIUS Rf

0.817 I .0 O0

"- ! t

O, 875 I.O00
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HYDROGEN AND URANIUM ION

FOR FUEL AND HYDROGEN

DENSITIES

MIXTURE

FtG, 7

T = IO0_O00R P= IO00ATM

TOTAL PARTICLE DENSITY : 1,32xlO;_CM _s

NUMBER DENSITY OF HYDROGEN ELECTRONS : NUMBER DENSITY OF HYDROGEN IONS

FUEL APPROXIMATELY TRIPLY IONIZED (NUMBER DENSITY OF FUEL

ELECTRONS _ 3 TIMES NUMBER DENSITY OF FUEL IONS)
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FIG. 8
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FIG. 9
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U-233 CRITICAL MASS DETERMINATION USING

24 - NEUTRON- ENERGY-GROUPS FOR

ONE-DIMENSIONAL SPHERICAL GEOMETRY

FIG I0

-DIMENSIONS AND COMPOSITIONS USED IN SPHERICAL
CONFIGURATION GIVEN IN TABLES I AND 1_

- GEOMETRY FOR SPHERICAL CONFIGURATION SHOWN
IN FIG. 2

TABLE OF RESULTS

FUEL DENSITY Iu-z33CRITICALI ,,_K/K

I : _Mc/M c__ tR_OgL3 .... MASS f
UNIFORM i _5.25 I 0.402

STEPPED 1 37.25 1 0.306

1.08

1.06

_z

- 1.04

0

(D

u_

z i.02
o

U

1
13_

_- 1.00
.J

>

u 0.98

0.96

0,94
25

M_SS
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FIG. 12

EFFECT OF FUEL VOLUME VARIATION ON U-233

MASS FROM ONE-DIMENSIONAL CALCULATIONS

24- NEUTRON- ENERGY GROUPS

CRITICAL

USING

-DIMENSIONS AND COMPOSITIONS FOR BASIC SPHERICAL

CONFIGURATION GIVEN IN TABLES [ AND 'IT

-THICKNESS OF HOT HYDROGEN REGION SdRROLINDtNG

Ft..IEL. (REGION 4 _ SEE FIG, 2 ) MODIFIED WITH EACH

CHANGE IN FLIEL REGION RADIUS
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EFFECT OF VARIATION OF THICKNESS OF COOL HYDROGEN
LAYER NEAR CAVITY WALL ON U-233 CRITICAL

MASS FROM ONE-DIMENSIONAL CALCULATIONS

USING 24- NEUTRON-ENERGY GROUPS

FIG. 13

- DIMENSIONS AND COMPOSITIONS FOR BASIC SPHERICAL
CONFIGURATION GIVEN IN TABLES I ANDS_

-THICKNESS OF HOT HYDROGEN REGION SURROUNDING
FUEL (REGION 4; SEE FIG 2) MODIFIED WITH EACH

CHANGE IN THICKNESS OF COOL HYDROGEN LAYER

(REGION 5; SEE FIG. 2
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FIG 14

ONE- DIMENSIONAL CALCULATION OF THE EFFECT OF

VARIATION OF VOID FRACTION IN BERYLLIUM OXIDE

MODERATOR REGION ON U-233 CRITICAL MASS

- CALCUL/',T'CNS MADE IN SPHERICAL GEOMETRY WITH

UNIFORM FUEL DENSITY PROFILE

ONE THERMAL NEUTRON ENERGY GROUP USED WITH

AVERAGED CROSS SECTIONS FROM 24-NEUTRON-
ENERGY- GROUP CALCULATIONS

- STANDARD VOID FRACTION IN BERYLLIUM OXIDE

MODERATOR REGION = 0.091
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FIG 15

ONE- DIMENSIONAL CALCULATION OF

VARIATION OF VOID FRACTION

MODERATOR REGION ON U-235

THE EFFECT

IN GRAPHITE

CRITICAL MASS

OF

- CALCULATIONS MADE tN SPHERICAL GEOMETRY WITH

UNIFORM FUEL DENSITY PROFILE

- ONE THERMAL NEUTRON ENERGY GROUP USED WITH
AVERAGED CROSS SECTIONS FROM 24- NEUTRON-
ENERGY-GROUP CALCULATIONS

- STANDARD VOID FRACTION IN GRAPHITE MODERATOR
REGION = 0.068
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FIG. 16

ONE-DIMENSIONAL CALCULATION OF THE EFFECT OF

VARIATION OF VOID FRACTION IN HEAVY WATER

MODERATOR REGION ON U-233 CRITICAL MASS

-CALCULATIONS MADE IN SPHERICAL GEOMETRY WITH

UNIFORM FUEL DENSITY PROFILE

ONE THERMAL NEUTRON ENERGY GROUP USED WITH

AVERAGED CROSS SECrlONS FROM 24-NEUTRON o

ENERGY- GROUP CALCULATIONS

- STANDARD VOID FRACftON IN HEAVY WATER MODERATOR

REGION = 0.046
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EFFECT

IN

OXIDE, GRAPHITE, AND HEAVY WATER

REGIONS ON U-233 CRITICAL MASS

-CALCULATIONS MADE IN SPHERICAL GEOMETRY WITH

UNIFORM FUEL DENSITY PROFILE

-ONE THERMAL NEUTRON ENERGY GROUP USED WITH

AVERAGED CROSS SECTIONS FROM 24-NEUTRON-

ENERGY-GROUP CALCULATIONS

- STANDARD VOID FRACTION IN BERYLLIUM OXIDE REGION :

0.091, GRAPHITE REGION = 0.068, AND HEAVY WATER
REGION = 0.046
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ONE - DIMENSIONAL

VARIATION OF

INNER LINER

CALCULATION OF THE EFFECT

DENSITY OF TUNGSTEN- 184 IN

ON U-233 CRITICAL MASS

FiG. t8

OF

CALCULATIONS MADE 1N SPHERICAL GEOMETRY WITH

UNIFORM FUEL DENSITY PROFILE

ONE THERMAL NEdTRON ENERGY GROUP USED WITH

AVERAGED CROSS SECT;ONS FROM 24-NELITRON-

ENERGY - GROLIP CALCULATIONS

FOR BASIC CASE, INNER LINER THICKNESS = 0.85 IN. =

2.159 CM ( SEE TABLE 1 REGION 6 )

WEIGHT OF TUNGSTEN-184 IN INNER LINER FOR

BASIC CASE = 5:55.6 LB

59
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ONE- DIMENSIONAL CALCULATION OF THE EFFECT

VARIATION OF HEAVY WATER MODERATOR

REGION THICKNESS ON U- 233 CRITICAL MASS

FIG, 19

OF

-CALCJLATIONS MADE iN SPHERICA,._ GEOMETRY ,'V_TH

JNIFORM FJE,_ DENSITY PROF.E

- ONE THERMA_ NEJTRON ENERGf GROJP JSED N_TH
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FIG+ 2 0

ONE- DIMENSIONAL CALCULATION OF THE EFFECT OF

VARIATION OF TUNGSTEN- 184 ENRICHMENT IN

INNER LINER, BERYLLIUM OXIDE, GRAPHITE, AND

HEAVY WATER REGIONS ON U-233 CRITICAL MASS

- CALCULATIONS MADE IN SPHERICAL GEOMETRY WITH

UNIFORM FUEL DENSITY PROFILE

-ONE THERMAL NEUTRON ENERGY GROLIP USED WITH
AVERAGED CROSS SECTIONS FROM 24-NEUTRON-

ENERGY -GROJP CALCULATIONS

- TOTAL WEIGHT OF TUNGSTEN IN INNER LINER AND

MODERATOR REGIONS = 12i8 LB
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FIG 21

RESULTS OF TWO-DIMENSIONAL DIFFUSION THEORY

CALCULATIONS FOR CYLINDRICAL CONFIGURATION

WITH NO NOZZLES

-DIMENSIONS AND COMPOSITIONS USED IN CYLINDRICAL
CONFIGURATION GIVEN tN TABLES I AND 'Eli

-GEOMETRY FOR CYLINDRICAL CONFIGURATION
SHOWN IN FIG. 3

090
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MASS OF U-233 VUEL IN CYLINDRICAL CONFIGURATION, M c- LB
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FIG. 22
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FiG. 24

RErSULT OF TWO-DIMENSIONAL DIFFUSION THEORY CALCULATIONS

FOR REFERENCE ENGINE DESIGNS WITH EXHAUST NOZZLE

AND FUEL INJECTION DUCT

-GEOMETRY OF ENGINE NOZZLES AND FUEL

INJECTION DUCT 2HOWN IN FIGS 1,4AND5

- DIMENSIONS AND COMPOS,TiONS FOR ALL

REGIONS GIVEN IN TABLES TIT,T'Q" AND'_

LINE

TABL_E OF RESULT

CASE

.........M(JDI-FiED

REFERENCE ENGINE DESIGN

REFENENCE ENGINE DESIGN
WITH NOZZLE APPROACH
LINER SAME THICKNESS
AS CAVITY IrjrJER LINER

M c - LB

60.9

50.1

_KIK

0.487

0.37i

T • ,

0.9C
40 45 50 55 60 6 5

MASS OF U-233 FUEL, M c -LB
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FIG. 25
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FIG. 26
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FIG. 27
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